BACKGROUND: Colonic fermentation of dietary fibre to short-chain fatty acids (SCFA) influences appetite hormone secretion in animals, but SCFA production is excessive in obese animals. This suggests there may be resistance to the effect of SCFA on appetite hormones in obesity. OBJECTIVES: To determine the effects of inulin (IN) and resistant starch (RS) on postprandial SCFA, and gut hormone (glucagon-like peptide (GLP-1), peptide-tyrosine-tyrosine (PYY) and ghrelin) responses in healthy overweight/obese (OWO) vs lean (LN) humans. SUBJECTS/METHODS: Overnight-fasted participants (13 OWO and 12 LN) consumed 300 ml water containing 75 g glucose (GLU) as control or 75 g GLU plus 24 g IN, or 28.2 g RS using a randomised, single-blind, cross-over design. Blood for appetite hormones and SCFA was collected at intervals over 6 h. A standard lunch was served 4 h after the test drink. RESULTS: Relative to GLU, IN, but not RS, significantly increased SCFA areas under the curve (AUC) from 4-6 h (AUC 4-6 ). Neither IN nor RS affected GLP-1 or PYY-AUC 4-6 . Although neither IN nor RS reduced ghrelin-AUC 4-6 compared with GLU, ghrelin at 6 h after IN was significantly lower than that after GLU (P o0.05). After IN, relative to GLU, the changes in SCFA-AUC 4-6 were negatively related to the changes in ghrelin-AUC 4-6 (P = 0.017). SCFA and hormone responses did not differ significantly between LN and OWO. CONCLUSIONS: Acute increases in colonic SCFA do not affect GLP-1 or PYY responses in LN or OWO subjects, but may reduce ghrelin. The results do not support the hypothesis that SCFA acutely stimulate PYY and GLP-1 secretion; however, a longer adaptation to increased colonic fermentation or a larger sample size may yield different results.
INTRODUCTION
High intakes of dietary fibre are associated with reduced weight gain. 1, 2 It has been suggested that this effect may be mediated by the fermentation of dietary fibre by colonic bacteria into the shortchain fatty acids (SCFA) acetate, propionate and butyrate. 3 In vitro and animal studies have shown that the enteroendocrine L-cells, which are more numerous in the colon than the distal small intestine, are stimulated by SCFA via SCFA receptors 4, 5 to secrete anorectic hormones, such as peptide-tyrosine-tyrosine (PYY) and glucagon-like peptide (GLP)-1. This has been demonstrated directly via SCFA administration, or indirectly via dietary supplementation with fermentable dietary fibre. 6, 7 Animal studies have also suggested that serum concentrations of the hunger hormone ghrelin is reduced by colonic fermentation, though the underlying mechanism has not been clarified. 8, 9 Some human studies have shown that dietary fibre influence PYY, GLP-1 and ghrelin secretion. However, the results are inconsistent regarding which specific hormone is affected, [10] [11] [12] [13] [14] and whether the effects are mediated by SCFA, or by other effects of the fibre.
Two fermentable fibres of particular interest in this respect are resistant starch (RS) and inulin (IN) . IN and RS are fermented at different rates and yield different SCFA profiles during fermentation, 15, 16 and, therefore, may have different effects on gut hormones.
The profile of colonic SCFA also depends on the nature of the colonic microbiota. Compared with lean (LN) animals, obese animals have a colonic microbiota that is more efficient in fermenting SCFA from a given diet 17 and is characterised by increased relative abundance of the phylum Firmicutes and a decrease in Bacteroidetes. 18, 19 Obese humans have been shown to have higher faecal SCFA concentrations than LN subjects, but studies are limited and the differences in phylum abundances inconsistent. [20] [21] [22] [23] If the findings from studies in mice are true, excess SCFA production may promote obesity by contributing extra calories to diet. On the other hand, if colonic SCFA increase satiety by stimulating gut hormone secretion, obesity may be promoted by reduced SCFA production or by resistance to the effect of SCFA on appetite hormones. Therefore, our objective was to compare the acute effects of RS and IN consumption on postprandial serum SCFA, PYY, GLP-1 and ghrelin responses in overweight and obese (OWO) vs LN individuals. We hypothesised that: (1) RS and IN would elicit different postprandial SCFA, PYY, GLP-1 and ghrelin responses; and (2) that OWO subjects would have higher SCFA responses than LN, but be less sensitive to the effects of colonic SCFA on postprandial gut hormones.
MATERIALS AND METHODS Participants
Male and non-pregnant, non-lactating females aged 18-65 years with body mass index (BMI) ⩾ 20 and ⩽ 35 kg/m 2 were recruited from a pool of participants previously involved in similar studies. Participants were excluded for any of the following reasons: presence of diabetes, cardiovascular, bowel, kidney or liver disease; use of medications that affect blood glucose (GLU) or insulin sensitivity (such as diuretics); any use of antibiotics, laxatives, pre/probiotics or other drugs known to influence gastrointestinal function in the 3 months before the study, smoking, following any unusual dietary practices (such as weight loss diet, Atkins diet and vegan diet); abnormal plasma blood GLU (⩾ 7.0 mmol/l) or anaemia. Eligible participants were then divided prospectively into two groups based on their BMI; 12 participants in the LN group (BMIo 25) and 13 participants in the OWO group (BMI ⩾25). All tests were conducted at the Glycemic Index Laboratories, Toronto. Ethical approval for the study was obtained from the Research Ethics Board, University of Toronto. Participants gave written informed consent to participate in the study.
Phase 1
Participants completed questionnaires related to demographics, medical history, drug use, bowel habit and physical activity. They were given instructions on how to record their dietary intake and asked to keep a 3-day diet record. Participants were also given a faecal collection kit that consisted of the Fisher brand commode specimen collection system (Fisher Scientific, Ottawa, Ontario, Canada) and plastic bags. On the third day of the diet record or the day after, participants collected a faecal sample. The completed 3-day diet record and the plastic bag containing the faecal sample was immediately placed on dry ice, and brought to the lab within 24 h of being collected. The frozen faecal samples were stored at − 20°C until they were processed.
Phase 2
A week after completing phase 1, participants began phase 2; a cross-over randomised controlled-trial, in which participants came to the laboratory on three separate occasions, separated by a 1-week washout. On each study day, subjects arrived at 0800 hours after fasting for 12 h; after warming their forearms with a heating pad for 2-3 min, a cannula was inserted into a forearm vein and kept clear with periodic saline flushes. After a fasting blood sample was drawn, participants consumed a test drink within 5 min, and further blood samples were drawn at 0.5, 1, 1.5, 2, 3 and 4 h after the start of the test drink. Immediately after the 4-h blood sample, a standard lunch was provided. Participants ate the lunch within 15 min, and further blood samples were drawn at 4.5, 5, 5.5 and 6 h. Participants remained seated and awake for the duration of the study.
Test drinks
Each subject consumed all three treatments in random order. The sequence of the test meals were randomly assigned to the subjects by the study coordinator (by using Random Integer Subject Generator; http:// www.random.org). The test drinks consisted of 75 g GLU or 75 g GLU+24 g oliggo-fibre instant IN or 75 g GLU+28 g RS dissolved in 300 ml water on the morning of the study (for more details, see Rahat-Rozenbloom et al. 24 ). The dose of 24 g was based on a previous study from our lab. 10 
Standard lunch
The standard lunch consisted of a cheese and tomato sandwich, a drink of apple juice (200 ml), a bottle of water (500 ml) and two chocolate cookies (for more details see Supplementary Information of Rahat-Rozenbloom et al. 24 ).
Biochemistry
The faecal sample was weighed and homogenised in a 400 series masticator (IUL Instruments, S.A., Barcelona, Spain). Aliquots of faeces were then transferred to individual vials for determination of pH and SCFA. Faecal pH was measured using a pH metre, and faecal SCFA were analysed by gas chromatography as previously described. 25 DNA extraction and Ion Torrent V6 (Thermo Fisher Scientific, Waltham, MA, USA) 16S-rRNA gene sequencing were performed as described elsewhere. 26 Compositional analysis of the data using Principle Component Biplots was done as described. 27 Methods and results for GLU, insulin, c-peptide and free-fatty acids (FFA) are reported elsewhere (Rahat-Rozenbloom et al. 24 ). Blood for SCFA was taken into plain tubes, allowed to clot at room temperature for 30 min, centrifuged at 3000 r.p.m. for 15 min at 4°C and the serum aliquoted and stored at − 70°C before analysis by gas chromatography after microfiltration and vacuum distillation as previously described. 28 Blood for PYY and ghrelin was drawn into tubes containing spray-coated silica and a polymer gel (BD Canada Inc., Oakville, Ontario, Canada), and 1 ml of blood for ghrelin analysis was immediately transferred and mixed into 10 plain tubes containing 10 μl AEBSF(4-(2-aminoethyl)-benzene sulfonyl fluoride, hidrochloride, amresco). Blood for GLP-1 active and total was drawn into P700 Blood Collection System for Plasma GLP-1 Preservation (BD Canada Inc., Oakville, Ontario, Canada) and was immediately centrifuged. All other tubes were left to clot for 30 min before centrifuge and the serum was removed and stored at − 70°C before analysis. Serum for the analysis of ghrelin was additionally treated with HCl before freezing. Plasma total and active GLP-1 were measured using GLP-1 (Active 7-36) ELISA kit (ALPCO, Salem, NH, USA Catalogue #43-GP1HU-E01; intra-and inter-assay CV o6%, o6%; analytical sensitivity 0.05 pmol/l). Serum ghrelin was measured by ELISA (DRG Human Ghrelin (active) EIA-4710; DRG, NJ, USA; intra-and inter-assay CV o6% and o 6%, respectively; analytical sensitivity 0.05 pmol/l). Serum PYY was measured by ELISA (Alpco, Catalogue #48-PYYHU-E01.1; intra-and inter-assay CV o5.1% and o6.6%, respectively; analytical sensitivity 0.082 ng/ml).
Statistical analysis
The study was powered to detect changes in postprandial serum acetate (see Supplementary Information of Rahat-Rozenbloom et al. 24 ), as we had no information on hormones on which to base a power analysis. Results suggest that differences in hormones, if any, are small and a larger number of subjects would be needed to detect them.
Primary results are reported as means ± s.e.m. For GLP-1 total and active and for PYY, net incremental areas under the curve (iAUC; subtracting area below the baseline) over 0-4 h were calculated using the trapezoid rule with the fasting concentration as the baseline. For ghrelin, iAUC from the nadir to 4 h (iAUCmin4) was calculated using the minimum concentration achieved over the first 4 h as the baseline. For SCFA, iAUC from the nadir to 6 h (iAUCmin6) was calculated using the minimum concentration achieved over the first 4 h as the baseline. For all variables, total AUC (tAUC) were calculated over the 4-6 h period. We used iAUC from 0-4 h for the hormones because tAUC includes the AUC due to the fasting concentration that is not affected by the treatment. Thus, iAUC is a better measure of how the treatment affects the response of the hormone. However, from 4-6 h we used total AUC because a standard meal was consumed at 4 hr, but the concentration before the meal (at 4 h) could have been affected by the treatment, so we need tAUC to take that into account. For SCFA responses we calculated AUC over the entire 6 h because the fermentation starts to occur before lunch and continues after it; tAUC reflects the mean concentration over the 6 h period, whereas iAUC from the minimum value indicates how much the SCFA increased from its minimum baseline.
To investigate a possible relationship between serum SCFA and gut hormone responses the difference in response between IN and control and between RS and control were calculated, and the differences in SCFA were correlated with the differences in gut hormones tAUC from 0-4 h and 4-6 h. Two-group t-tests (two sided) were performed to analyse differences in baseline data between the groups.
Differences were considered statistically significant if P o = 0.05. Statistical analyses were conducted using IBM SPSS Statistics version 22 (SPSS Inc., Chicago, IL, USA) and Stata 13.0 (College Station, TX, USA).
RESULTS
Twenty-five 29 24 ).
Serum GLP-1 total and active There were no differences among treatments in serum GLP-1 total and active responses (Table 1; Figure 1 ). Relative to the GLU, changes in serum GLP-1 did not correlate with changes in serum SCFA from 0-4 h or from 4-6 h after either IN or RS ( Supplementary Figure 1; Figure 3 ). Serum GLP-1 active response between 0-2 h was significantly greater in the OWO group compared with the LN group ( Figure 2 ; Table 2 ).
Serum PYY
Incremental AUC during the 0-4 h period for serum PYY response was greater after IN than GLU (P = 0.003) and after RS compared with GLU (P = 0.069; Table 1 ; Figure 1 ). However, after the standard lunch, there were no differences in tAUC 4-6 h between IN and GLU, and between RS and GLU (Table 1; Figure 1 ). Relative to GLU, changes in PYY-AUC after IN and RS were not related to changes in SCFA either from 0-4 h or from 4-6 h ( Supplementary Figure 1 ; Figure 3 ), except for the difference in PYY tAUC from 4-6 h between GLU and IN, which was negatively related to the difference in SCFA tAUC (P = 0.029), that is, PYY was lower in those subjects with higher SCFA responses. There were no significant differences in PYY response between the LN and OWO group (Table 2; Figure 2 ).
Serum ghrelin
Incremental serum ghrelin responses between the nadir and 4 h, relative to GLU, were non-significantly lower after IN (P = 0.068) and RS (P = 0.088; Table 1 ; Figure 1 ). Over the 4-6 h period, the total AUC for ghrelin did not differ significantly between IN and GLU nor between RS and GLU (Table 1; Figure 1 ). However, by Wilcoxon signed-rank test, serum ghrelin at 6 h was significantly lower after IN than GLU, uncorrected for multiple comparisons. In addition, the differences in ghrelin-AUC between GLU and IN were negatively related to the differences in SCFA both between 0-4 h (P = 0.057) and 4-6 h ( Supplementary Figure 1; Figure 3 ). Ghrelin responses in LN did not differ significantly from those in OWO (Table 2; Figure 2) .
DISCUSSION
Animal and cell-cultures studies suggest that colonic SCFA increase PYY and GLP-1 and decrease ghrelin secretion and, hence, may promote weight loss. 6, 7 However, our results do not support this, as despite evidence of large increases in colonic fermentation at 4-6 h after IN, GLP-1 and PYY responses were not significantly different from the responses after GLU, although a reduction in ghrelin response was demonstrated.
The inability of IN to increase GLP-1 or PYY in the face of large increases in serum SCFA after lunch seems inconsistent with previous human studies. These studies have shown that acute elevation of circulating SCFA by administration of rectal or intravenous infusions of acetate, 30 or by enrichment of colonic propionate (using IN-propionate ester), 29 resulted in increased PYY and GLP-1 responses, but had no effect on ghrelin. However, the changes in serum acetate after rectal and intravenous infusions, and the changes in serum propionate after colonic propionate supplementation, respectively, were approximately 4-, 15-and 5times higher than the mean change elicited by oral IN in the present study. This suggests that the serum concentrations of SCFA achieved in our study were not high enough to affect gut hormones. Furthermore, it was recently shown that neither acute 31 nor chronic 29 enrichment of colonic propionate via dietary IN-propionate ester supplementation, affected postprandial PYY and GLP-1, despite a reduced subjective postprandial appetite and a reduced weight gain at the end of the long-term study. Thus, the authors suggested that propionate may mediate satiety by other mechanisms.
Although we were unable to demonstrate a statistically significant effect of IN on gut hormones, our results are consistent with those of Tarini and Wolever 10 who showed that, compared with consuming 56 g high-fructose corn-syrup alone, 56 g highfructose corn-syrup plus 24 g IN after an overnight fast significantly increased serum GLP-1 at 30 min, and decreased serum ghrelin concentrations at 4-6 h. In the current study, mean serum GLP-1 30 min after IN was higher than after GLU, but the difference was not statistically significant. Moreover, although IN reduced ghrelin tAUC from 4-6 h insignificantly (P = 0.099), serum ghrelin 6 h after IN was significantly less than that after GLU (P = 0.003, uncorrected for multiple comparisons), and the changes in serum ghrelin after IN at 4-6 h were negatively related to the changes in SCFA (P = 0.017). This, at least, is consistent with the suggestion that colonic fermentation reduces ghrelin secretion, 9 though the mechanism is yet to be explored. Longer- [32] [33] [34] however, very few studies assessed if these effects were SCFA-mediated. 12, 35 Overall, there is a paucity of data in humans exploring whether SCFA modulate gut hormone responses, and which specific hormone is being influenced. Surprisingly, IN, and to a lesser extent RS, increased PYY and decreased ghrelin between 0-4 h. However, these increases were too early to be affected by colonic fermentation. We believe these early effects of RS are due to the presence of a larger than expected amount of available carbohydrate in the RS ingredient used, since the reduction in serum FFA after RS was significantly prolonged compared with that after GLU (Rahat-Rozenbloom et al. 24 ), and both PYY and ghrelin have been shown to respond proportionally to the caloric load and macronutrient content. 36, 37 Previous acute studies have demonstrated either no effect of RS on postprandial gut hormones, 25 or a reduced postprandial GLP-1 response following breakfast meal, 26, 27 but no effect after lunch. 27 However, in these studies SCFA responses were not measured. Longer-term studies that measured postprandial SCFA did not make the picture clearer, as the effects of RS on both fasting and postprandial SCFA and hormone responses vary markedly among the studies. 28, 38, 39 In summary, though animal research has shown consistent increases in gut hormones following RS fermentation, 6, 40, 41 human data are inconsistent. More acute and chronic RS feeding studies are required to determine whether gut hormones are affected by colonic fermentation.
Some of the inconsistencies seen above in human studies could be explained by the large variations in study designs; such as the different fibre types used (that is, oligofructose vs IN), 8 the different doses, the different time points that are being measured and the different duration of the studies. The latter could be especially important for two reasons. First, IN (and potentially RS) is a prebiotic that promotes gradual changes in gut microbiota composition faecal SCFA over time. 42 Second, SCFA have been shown to increase the number of L-cells in mouse intestinal epithelium, and as a result increase GLP-1 and PYY secretion; 43 as these are time-related effects, no alteration in microbiota or L-cells, and hence no increase in GLP-1 or PYY would be expected after an acute increase in colonic fermentation such as the present study. However, consistent with this concept, we found that long term (1 year) increased dietary fibre intake eventually resulted in an increased postprandial GLP-1 responses in hyperinsulinaemic humans. 44 In addition, within-and between-individual variability in gut hormone concentrations may mask the effect of SCFA on gut hormones; therefore, a larger sample size may be needed.
On the basis of the results of animals studies, we hypothesised that OWO individuals would have higher SCFA responses than LN but would be less sensitive to the effects of colonic SCFA on gut hormones. However, this was not confirmed in our study, as there were no differences between the groups in serum SCFA and hormone responses. The similar relative abundances of Firmicutes and Bacteroidetes, and the similar dietary intakes in our LN and OWO groups, together with the observation that no differences in faecal SCFA concentrations (Rahat-Rozenbloom et al. 24 ), strengthen our assumption that SCFA production did not differ in our LN and OWO groups. The results of other human studies are inconsistent in this respect, as reviewed elsewhere. 45, 46 Interestingly, recent in vitro fermentation studies using faecal inocula from lean vs obese donors showed that four different types of RS produced similar SCFA concentrations in LN and OWO inocula, 47 although other types of fibre showed either increased or decreased SCFA production in OWO compared with LN. 48 Therefore, further research is needed to fully elucidate whether the SCFA production and metabolism differ in lean and obese humans.
It is important to note that circulating SCFA may not adequately reflect colonic SCFA production, as they are the net result of endogenous and exogenous production, absorption, hepatic extraction of the colonic SCFA. 49 However, the comparison of the IN and the RS treatments to the GLU treatment, allowed us to control, at least in part, for the endogenous SCFA production.
We conclude that acute increases in colonic fermentation do not affect GLP-1 or PYY responses, but may reduce ghrelin. A longer adaptation to increased colonic fermentation may affect gut hormones differently. The similarity of SCFA responses in LN and OWO subjects does not support the hypothesis that colonic SCFA production is increased in obesity; however, increased SCFA production may not occur in all OWO subjects and serum SCFA responses may not necessarily reflect colonic SCFA production. 
